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Due to the strong constraint from the LUX experiment, the scalar portal dark matter cannot generally 
explain a gamma-ray excess in the galactic center by the annihilation of dark matter to bb¯. With the 
motivation of eliminating the tension, we add a scalar dark matter to the aligned two-Higgs-doublet 
model, and focus on a simpliﬁed scenario, which has two main characteristics: (i) The heavy CP-even 
Higgs is the discovered 125 GeV Higgs boson, which has the same couplings to the gauge bosons and 
fermions as the SM Higgs. (ii) Only the light CP-even Higgs mediates the dark matter interactions with 
SM particles, which have no couplings to WW and ZZ, but have the independent couplings to the up-
type quarks, down-type quarks and charged leptons. We ﬁnd that the tension between 〈σ v〉SS→bb¯ and 
the constraint from LUX induced by the scalar portal dark matter can go away for the isospin-violating 
dark matter–nucleon coupling with −1.0 < f n/ f p < 0.7, and the constraints from the Higgs search 
experiments and the relic density of Planck are also satisﬁed.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
Over the past several years, a gamma-ray excess at GeV ener-
gies around the galactic center has been identiﬁed in the Fermi-
LAT data by several groups [1]. The recent study shows that the 
excess seems to be remarkably well described by an expected sig-
nal from 31–40 GeV dark matter (DM) annihilating dominantly 
to bb¯ with a cross section 〈σ v〉bb¯  1.7–2.3 × 10−26 cm3/s [2], 
which is strikingly close to the thermal relic density value, 〈σ v〉 ∼
10−26 cm3/s. Since the Higgs couplings to the fermions tend to 
be proportional to their masses, the Higgs portal DM is a sim-
ple scenario for DM model which explains the gamma-ray excess. 
However, to obtain such large 〈σ v〉bb¯ , the model with the scalar 
portal DM will lead to a spin-independent cross section between 
DM and nucleon which is excluded by the LUX experiment [3]. 
Therefore, Ref. [4] considers the pseudoscalar mediator instead of 
a scalar, and Ref. [5] assume that the DM preferentially couples to 
b-quark. The measurements of the Higgs invisible width are quite 
imprecise, and the invisible branching fraction is required to be 
smaller than 0.55 from the CMS search for invisible decays of Higgs 
bosons in the vector boson fusion and associated ZH production 
modes [6]. However, from the analysis of the global ﬁt to the Higgs 
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SCOAP3.signal strengths, the invisible branching fraction is required to be 
small than 0.1 at 68% C.L., see [7] and [8]. Therefore, it is challeng-
ing for the 125 GeV Higgs as the mediator since the large Higgs 
decay into DM is disfavored by the global ﬁt to LHC Higgs signals. 
The excess of gamma-ray can be also ﬁt by the 10 GeV DM anni-
hilating to τ τ¯ [9]. The various DM models have been proposed to 
explain the excess of gamma-ray [4,5,10,11].
In this paper, with the motivation of eliminating the tension 
between 〈σ v〉bb¯ and the LUX experiment induced by the scalar 
portal dark matter, we add a scalar DM (S) to the aligned two-
Higgs-doublet model (2HDM) [12,13], and focus on a simpliﬁed 
scenario. Different from the SUSY models, the ﬁve Higgs masses 
in the 2HDM are theoretically independent. We assume that the 
pseudoscalar and charged Higgs are very heavy, and the heavy 
CP-even Higgs is the discovered 125 GeV Higgs boson [14]. The 
mixing angle α is equal to β , which leads to that the heavy 
CP-even Higgs has the same coupling to the gauge bosons and 
fermions as the SM Higgs. In addition, we assume that only the 
light CP-even Higgs mediates the DM interactions with SM parti-
cles, which have no couplings to WW and ZZ, but have the inde-
pendent couplings to the up-type quarks, down-type quarks and 
charged leptons. We show that the tension between 〈σ v〉SS→bb¯
and the constraints from the LUX induced by the scalar portal DM 
can go away for the isospin-violating S-nucleon coupling, and the 
constraints from the relic density of Planck, the Higgs search at 
the collider and the other relevant experiments are also satisﬁed.  under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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Type-III 2HDMs with a scalar DM from the direct detection experi-
ments. In Ref. [17], a scalar DM is added to the Higgs triple model, 
which gives a valid explanation for 130 gamma-ray line signal and 
the enhancement of LHC diphoton Higgs signal [18].
Our work is organized as follows. In Section 2 we recapitulate 
the simpliﬁed aligned 2HDM with a scalar DM (S2HDM+D), and 
analyze the constraints from relevant experimental constraints. In 
Section 3 we give the numerical results, and show that the scalar 
portal DM in our model can explain the gamma-ray excess. Finally, 
we give our conclusion in Section 4.
2. Simpliﬁed two-Higgs-doublet model with a scalar dark matter 
and the relevant experimental constraints
2.1. Model
The general Higgs potential is written as [19]
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For the CP-conserving case, all λi and m212 are real. After the elec-
troweak SU(2) × U (1) symmetry is spontaneously broken down to 
U (1)EM ,
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(
φ+1
1√
2
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)
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2
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)
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The mass eigenstates of the ﬁve physical scalars can be written 
as:(
H
h
)
=
(
cosα sinα
− sinα cosα
)(
φ01
φ02
)
,
A = −G1 sinβ + G2 cosβ,
H± = −φ±1 sinβ + φ±2 cosβ, (3)
where tanβ ≡ v2/v1 and v =
√
v21 + v22  246 GeV. Their masses 
are given as [20]
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− v
2
2
(2λ5 + λ6 cotβ + λ7 tanβ),
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2
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+ v2B2, (5)
where
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(
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(6)Table 1
The tree-level couplings of the neutral Higgs bosons with respect to those of the 
SM Higgs boson. u, d and l denote the up-type quarks, down-type quarks and the 
charged leptons, respectively. The angle α parameterizes the mixing of two CP-even 
Higgses h and H .
VV (WW,ZZ) uu¯ dd¯ ll¯
h sin(β − α) cosαsin β − sin(α−θd)cos(β−θd) −
sin(α−θl )
cos(β−θl)
H cos(β − α) sinαsin β cos(α−θd)cos(β−θd)
cos(α−θl)
cos(β−θl)
The heavy CP-even Higgs (H) and the light CP-even Higgs (h) can 
be respectively taken as the 125 GeV Higgs. In the physical ba-
sis, mh , mH , mA , mH± , m
2
12, sin(β − α), tanβ , λ6 and λ7 are taken 
as the free input parameters. From that point of view, the Higgs 
masses are independent on the dimensional constant m212. The 
Higgs spectrum in the minimal supersymmetric standard model 
(MSSM) can decouple to the ﬁve Higgses in 2HDM. To solve some 
problems such as unnaturalness of μ parameter in MSSM, the 
next-to-minimal supersymmetric standard model (NMSSM) [21]
extends the MSSM by introducing a gauge singlet superﬁeld S with 
the Z3-invariant superpotential given by WF + λHˆu · Hˆd Sˆ + κ Sˆ3/3. 
As a result, the NMSSM predicts one more CP-even Higgs boson 
and one more CP-odd Higgs boson in addition to the ﬁve Higgses. 
For λ = 0 and κ = 0, the Higgs spectrum in NMSSM can decouple 
to MSSM.
In the aligned 2HDM, the two complex scalar doublets couple 
to the down-type quarks and charged leptons with aligned Yukawa 
matrices [12,13]. The Yukawa interactions can be given by
−L= yu Q LΦ˜2uR + ydQ L(cos θdΦ1 + sin θdΦ2)dR
+ yllL(cos θlΦ1 + sin θlΦ2)eR + h.c., (7)
where Q T = (uL, dL), LT = (νL, lL), and Φ˜2 = iτ2Φ∗2 . yu , yd and 
y are 3 × 3 matrices in family space. θd and θl parameterize the 
two Higgs doublets couplings to down-type quarks and charged 
leptons, respectively. Where a freedom is used to redeﬁne the two 
linear combinations of Φ1 and Φ2 to eliminate the coupling of the 
up-type quarks to Φ1 [13]. Table 1 shows the couplings of two 
CP-even Higgs bosons with respect to the SM Higgs boson.
Now we introduce the renormalizable Lagrangian of the real 
single scalar S ,
LS = −1
2
S2
(
λ1Φ
†
1Φ1 + λ2Φ†2Φ2
)− m20
2
S2 − λS
4! S
4. (8)
The linear and cubic terms of the scalar S are forbidden by a Z ′2
symmetry S → −S . The DM mass and the interactions with the 
neutral Higgses are obtained from Eq. (8),
m2S =m20 +
1
2
λ1v
2 cos2 β + 1
2
λ2v
2 sin2 β,
−λhv S2h/2 ≡ −(−λ1 sinα cosβ + λ2 cosα sinβ)v S2h/2,
−λH vS2H/2 ≡ −(λ1 cosα cosβ + λ2 sinα sinβ)v S2H/2. (9)
Our previous paper shows detailedly the allowed ranges of α, 
tanβ , θd , θl and the charged and neutral Higgses in the aligned 
2HDM by the theoretical constraints from vacuum stability, uni-
tarity and perturbativity as well as the experimental constraints 
from the electroweak precision data, ﬂavor observables and the 
Higgs searches [22]. In this paper, we focus on a simpliﬁed sce-
nario: (i) The heavy CP-even Higgs (H) is the discovered 125 GeV 
Higgs. The masses of pseudoscalar and charged Higgs are assumed 
to be heavy enough to avoid the constraints from the collider 
experiments and ﬂavor observables. Further, the electroweak pa-
rameter ρ (≡ MW /(MZ cosθW )) requires their masses to be almost 
degenerate [22]. (ii) α = β and λH = 0. As the 125 GeV Higgs, the 
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and fermions as the SM Higgs. λH = 0 forbids the heavy Higgs de-
caying to dark matter. As a result, the heavy Higgs as the 125 GeV 
Higgs can ﬁt the Higgs signals well. Only the light CP-even Higgs 
h mediates the DM interactions with the SM particles. Its mass is 
larger than 62.5 GeV to forbid the decay H → hh. The couplings 
to WW and ZZ vanish, and ones to fermions normalized to SM are 
yu = 1/ tanβ for the up-type quarks, yd = − tan(β − θd) for the 
down-type quarks and yl = − tan(β − θl) for the charged leptons. 
In addition, from Eq. (9), we can obtain mS = m0 for α = β and 
λH = 0.
In our calculations, the involved free parameter of S2HDM+D 
are yu (tanβ), yd (θd), yl (θl), mh , mS and λh . In order to gen-
erate the observed spectral shape of the gamma-ray excess, we 
ﬁx mS = 35 GeV and require 〈σ v〉SS→bb¯ to be in the range of 
1.7–2.3 × 10−26 cm3/s. In 2HDMs, the charged Higgs can give the 
additional contributions to the low energy ﬂavor observable mBd
and mBs . The experimental constraints of mBd and mBs favor 
tanβ > 1 since the coupling H+t¯b is proportional to 1/ tanβ [22]. 
In addition, the perturbative of Higgs potential disfavors the large 
tanβ for the absence of the soft-breaking term [23]. Therefore, we 
take 0.2 < yu < 1.0 (1.0 < tanβ < 5.0). For such tanβ (α = β), 
both yd (− tan(β − θd)) and yl (− tan(β − θl)) are allowed to be in 
the range of −1.0 and 0.5. Here we take −1.0 < yd < −0.2 which 
has opposite sign to yu , and favors to obtain an isospin-violating 
S-nucleon coupling. For simplicity, we take yl = 0 to favor S to an-
nihilate dominantly to bb¯. λh and mh are taken to be in the ranges 
of 0.0001–1.0 and 75–120 GeV, respectively.
2.2. The spin-independent cross section between S and nucleon
In this model, the elastic scattering of S on a nucleon receives 
the contributions from the h exchange diagrams, which is given 
as [24],
σp(n) =
μ2p(n)
4πm2S
[
f p(n)
]2
, (10)
where μp(n) = mSmp(n)mS+mp(n) ,
f p(n) =
∑
q=u,d,s
f p(n)q CSq
mp(n)
mq
+ 2
27
f p(n)g
∑
q=c,b,t
CSq
mp(n)
mq
, (11)
with CSq = λhmqm2h yq . Following the recent study [25], we take
f (p)u ≈ 0.0208, f (p)d ≈ 0.0399, f (p)s ≈ 0.0430,
f (p)g ≈ 0.8963, f (n)u ≈ 0.0188, f (n)d ≈ 0.0440,
f (n)s ≈ 0.0430, f (n)g ≈ 0.8942. (12)
For the relations f (p)q = f (n)q and f (p)g = f (n)g are satisﬁed, the 
S-nucleon coupling is always isospin-conserved. Conversely, the 
S-nucleon coupling is violated for the relations are not satisﬁed, 
as shown in Eq. (12). However, the Higgs couplings to the quarks 
(yd and yu ) need ﬁne-tuning in order to obtain the large violating, 
such as f n/ f p = −0.7. The recent data on the direct DM search 
from LUX put the most stringent constraint on the cross section 
[3]. For the isospin-violating S-nucleon coupling, the scattering 
rate with the target can be suppressed, thus weakening the con-
strains from LUX and XENON100 [26], especially for fn/ f p  −0.7. 
Results of direct detection experiments are often quoted in terms 
of “normalized-to-nucleon cross section”, which is given by [27]
σp
σ Z
=
∑
i ηiμ
2
Ai
A2i∑
ηiμ
2 [Z + (Ai − Z) fn/ f p]2
, (13)
N i AiFig. 1. f n/ f p versus yd/yu .
σ ZN is the typically-derived DM-nucleon cross section from scatter-
ing off nuclei with atomic number Z , assuming isospin conserva-
tion and the isotope abundances found in nature. ηi is the natural 
abundance of the i-th isotope.
2.3. Relic density, indirect detection and collider constraints
In the parameter space taken in the S2HDM+D, the main anni-
hilation processes include SS → qq¯ and SS → gg which proceed via 
an s-channel h exchange. For the absolute value of yd is much less 
than yu , SS → gg and SS → cc¯ annihilation processes can domi-
nate over SS → bb¯. We employ micrOMEGAs-3.6.9.2 [28] to calcu-
late the relic density and the today pair-annihilation cross sections 
of DM in the inner galaxy. The Planck Collaboration released its 
relic density as Ωch2 ± σ = 0.1199 ± 0.0027 [29], and we require 
S2HDM+D to explain the experimental data within 2σ range.
The heavy CP-even Higgs has the same couplings as SM Higgs, 
which can ﬁt the Higgs signals at the LHC well. There is no cou-
plings to WW , ZZ and leptons for the light CP-even Higgs, which 
favors it not to be detected at the collider. HiggsBounds-4.1.1 [30]
is used to implement the exclusion constraints from the Higgses 
searches at LEP, Tevatron and LHC at 95% conﬁdence level.
The ATLAS [31] and CMS [32] Collaborations have published 
monojet search results, which can be used to place constraints 
on the DM-nucleon scattering cross section. For the scalar portal 
DM, the DM interactions with the light quarks are proportional to 
quark mass, leading to suppressing the monojet + /ET signal siz-
ably. Therefore, the current monojet searches for DM at the LHC 
appears to provide no stronger constraints on the S2HDM+D than 
the direct detection from the LUX experiment [31–33].
3. Results and discussions
Since the hadronic quantities in the spin independent S-nucleon 
scattering are ﬁxed, f n/ f p only depends on the normalized fac-
tors of Yukawa couplings, yu and yd . Fig. 1 shows f n/ f p versus 
yd/yu . We ﬁnd that f n/ f p is very sensitive to yd/yu for yd/yu
is around −1.0, and very close to 1.0 for yd/yu > 0. In the fol-
lowing discussions, we will focus on the surviving samples with 
−1.0 < f n/ f p < 1.0 where the constraint from the LUX experi-
ment can be weakened. f n/ f p in such range favors yd/yu < 0, 
which is the reason why we choose yd to have opposite sign to yu .
In Fig. 2, we project the surviving samples on the planes 
of 〈σ v〉 ¯ versus f n/ f p and σp versus f n/ f p , respectively. SS→bb
L. Wang, X.-F. Han / Physics Letters B 739 (2014) 416–420 419Fig. 2. The scatter plots of surviving samples projected on the planes of 〈σ v〉SS→bb¯ versus f n/ f p and σp versus f n/ f p . The two horizontal lines in the left panel denote 
〈σ v〉SS→bb¯ = 1.7 × 10−26 cm3/s and 2.3 × 10−26 cm3/s.
Fig. 3. Same as Fig. 2, but projected on the planes of λh versus mh , λh versus −yd , and yu versus −yd , respectively.The left panel shows that, for −1 < f n/ f p < 0.7, 〈σ v〉SS→bb¯ can 
be in the range of 1.7–2.3 × 10−26 cm3/s while σp is below the 
upper bound from the LUX experiment. For f n/ f p is very close to 
1.0, 〈σ v〉SS→bb¯ as low as 10−27 cm3/s is still not allowed by the 
LUX constraint. The right panel shows that the maximal value of 
σp decreases as f n/ f p varies from 1.0 to −1.0, and σp is smaller 
than the upper bound of LUX by several orders of magnitude for 
f n/ f p is around −0.7.
In Fig. 3, we project the surviving samples on the planes of 
λh versus mh , λh versus −yd , and yu versus −yd , respectively. 
For the surviving samples which can explain the gamma-ray ex-
cess validly: The middle panel shows the lower bound of λh is 0.1 
for −yd = 1.0, and enhanced to 0.6 as −yd decreases to 0.2. The 
left panel shows the lower bound of λh is visibly enhanced for 
the large mh , such as mh = 120 GeV. For mh/2 approaches to mS
(35 GeV), λh can be much smaller than 0.1 to achieve the correct 
relic abundance since the integral in the calculation of thermal av-
erage can be dominated by the resonance at s = m2h even if mS is 
below mh/2. However, such small λh will suppress sizably the scat-
tering of DM off nuclei and even the today pair-annihilation of DM 
into bb¯ which leads to fail to explain the gamma-ray excess. The right panel shows that yd/yu is required to be around −1.0 where 
f n/ f p is in the range of −1.0 and 0.7 (see Fig. 1 and Fig. 2), and 
DM annihilates dominantly into bb¯.
4. Conclusion
In this note, we add a scalar DM to the aligned 2HDM, and fo-
cus on a simpliﬁed scenario, which very economically implements 
the following two characteristics: (i) The heavy CP-even Higgs is 
the discovered 125 GeV Higgs boson, which has the same cou-
plings to the gauge bosons and fermions as the SM Higgs. (ii) Only 
the light CP-even Higgs mediates the DM interactions with SM par-
ticles, which has no couplings to WW and ZZ, but the independent 
couplings to the up-type quarks, down-type quarks and charged 
leptons. We ﬁnd that the tension between 〈σ v〉SS→bb¯ and the con-
straint from LUX induced by the scalar portal DM can go away for 
the isospin-violating S-nucleon coupling, −1.0 < f n/ f p < 0.7. Be-
ing consistent with the constraints from the relic density of Planck, 
the direct detection of LUX, the Higgs searches at the collider and 
the other relevant experiments, the model can give a valid ex-
planation for the galactic center gamma-ray excess in the proper 
ranges of λh , mh , yu and yd .
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